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The paper reports the results of the analysis of ﬁeld installation damage tests carried out on geogrid soil reinforcement products used in Japan.
The data are taken from Public Works Research Center (PWRC) product certiﬁcation reports. The database comprises a total of 130 tensile tests
performed on undamaged (reference) tests and 390 tensile tests performed on exhumed damaged geogrid specimens. A total of 78 installation
damage factors were computed by the writers representing 26 different geogrid products from 12 different product lines in combination with three
different aggregate types. The ﬁeld tests were carried out using a standard PWRC protocol and the calculation of installation damage factors and
spread in data was carried out in a consistent manner by the writers. The data are shown to be in good agreement with the results of tests carried
out on similar products reported in other countries. The installation damage factors summarized in this study provide a useful benchmark for
future ﬁeld installation damage test results in Japan and worldwide. The statistical analysis of variability in installation damage test results is a
prerequisite for future probabilistic analysis and design for the ultimate tensile rupture limit state in geogrid reinforced soil structures and for load
and resistance factor design (LRFD) calibration of this limit state.
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An allowable stress design (ASD) approach is currently used
in Japan to compute the long-term allowable strength (Tal) for
the ultimate tensile rupture limit state of geogrid layers in
reinforced soil structures (Public Works Research Center—
PWRC, 2013). The long-term allowable strength available at
the end of design life is computed as
Tal ¼ TultRF ¼
Tult
RFCR  RFID  RFD  RFJ
ð1Þ
here Tult is the in-isolation ultimate tensile (reference) strength
of the geogrid material expressed in units of force per unit
width of material and RF is the product of reduction factors to
account for potential strength loss. The contributions toElsevier B.V. All rights reserved.
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tion damage (RFID), creep (RFCR), degradation due to chemi-
cal/biological processes (RFD), and reduced tensile capacity at
any connections or junctions (RFJ). All reduction factors are
equal to one or greater.
The maximum tensile load in a layer (Tmax) is multiplied by
a minimum speciﬁed factor of safety (F) for each limit state to
compute the design tensile load (Tdes¼F Tmax). The mini-
mum factor of safety is F¼1 and 1.5 for tensile rupture design
of walls and embankments, respectively, and F¼2 for pullout.
The design tensile load is assumed to act for the life of the
structure and cannot exceed the long-term allowable strength
of the reinforcement (i.e. TdesrTal). Stated alternatively, the
maximum tensile load in a reinforcement layer can be
expressed as a function of the reference strength of the
reinforcement and the product of two strength reduction factors
(i.e. TmaxrTult/(RFF)).
The primary focus of this paper is the calculation of the
installation damage factor (RFID) used in Eq. (1) and quanti-
ﬁcation of the inherent variability in the calculation of this
parameter based on Japanese data. The speciﬁc objectives of
this paper are:1. Review the methodology used in Japan to carry out ﬁeld
installation damage tests, estimate the reductions in tensile
strength due to installation damage, and calculate RFID.2. Create a database of installation damage test data from
PWRC geogrid product certiﬁcation reports available
in Japan.3. Summarize computed installation damage factors based on
different combinations of product type and embedment soil.4. Quantify statistical variations in reference tensile strength
and predicted tensile strength after installation damage.
These predicted strengths are commonly referred to as
nominal strength values in North America.
In this study only installation damage test results from
PWRC product certiﬁcation reports are used. However, where
applicable, some comparisons with installation damage factors
from other studies are made. For example, a useful database of
North American ﬁeld installation damage testing collected
from multiple sources can be found in the paper by Bathurst
et al. (2011). Installation damage test results for similar
products tested in Korea have also been reported by Lim and
McCartney (2013). A valuable source of European installation
damage test results can be found in the study by Hufenus et al.
(2005). An overview of European practice with respect to
assessment of installation damage and the calculation of long-
term allowable tensile strength of geosynthetic materials can
be found in the report by Greenwood et al. (2012).
This paper is a complementary investigation to the study by
Miyata et al. (2014) that was focused on reliability analysis of
geogrid creep data from PWRC product certiﬁcate reports
available in Japan. The data from both studies are necessary
for the prediction of probability of failure for the long-term
tensile rupture limit state using a reliability-based approachand for calibration of the rupture limit state expressed in a load
and resistance factor design (LRFD) format. The general
methodology is described by Bathurst (2014) and the use of
the data in the current study is demonstrated in the paper by
Bathurst and Miyata (2015).
2. Installation damage testing methodology and
interpretation
2.1. General
The current installation damage testing protocol and
interpretation of results used in Japan is described in the
Public Works Research Center (PWRC, 2013) guidance
document. The guidance document in effect at the time of
the ﬁeld installation damage tests reported in the collected
product certiﬁcation reports was (PWRC, 2000a). However,
there are no changes between these two revisions regarding
installation damage testing methodology and interpretation.
The general approach is to embed samples of geogrid taken
from the same roll in a test pad (embankment) constructed
using a standard aggregate, a standard vibratory drum roller
and standard lift heights. The installation damage factor for a
particular combination of geogrid product and soil type is
computed as the ratio of the ultimate reference tensile
strength of undamaged specimens to the strength of exhumed
specimens. All the installation damage tests were carried out
at the PWRC test site in Tsukuba using the same test
protocol.
2.2. Aggregate
Three aggregate types are speciﬁed in PWRC (2013). Type
1 is a crushed granitic rock. Type 2 is crusher-run gravel
screened to a maximum size of 40 mm. Type 3 is a sand and
ﬁne gravel material known locally in Japan as “Masado”. The
solid lines and gradation bands in Fig. 1 are the mean and
spread of distributions from all particle size analyses reported
in the source documents for the current study. The measured
medium particle size for Soil Type 1, 2 and 3 are D50¼21, 11
and 1 mm, respectively.
2.3. Test pad construction
Fig. 2 shows a cross-section of the test pad (embankment)
used to simulate installation damage to candidate geogrid
samples. The pad is built over a set of steel plates. These plates
facilitate recovery of the test samples by tipping the entire
0.6 m depth of soil and thereby minimizing potential
exhumation-related damage. A single 300-mm-thick layer of
aggregate is placed over the steel plates using a backhoe with a
maximum bucket size of 0.7 m3. The layer is compacted
followed by placement of a row of geogrid samples. The test
samples are then covered with another single 300-mm lift of
compacted aggregate. The test protocol requires each layer to
be compacted using seven passes of a 9-t smooth drum
compactor delivering a 100 kN dynamic load to the front
Y. Miyata, R.J. Bathurst / Soils and Foundations 55 (2015) 393–403 395vibrating drum. The use of a steel plate is also common
practice in North America and consistent with recommenda-
tions in the AASHTO NTPEP (2007) certiﬁcation program for
reinforcement geosynthetics.Fig. 1. Particle size distributions used in installation damage testing in Japan.
Note: Open symbol is D50 of mean distribution.
Fig. 2. Cross-section showing installation damage test pad (after PWRC,
2013).
Table 1
Summary of installation damage database.
Geosynthetic type Number of product groups Number of products
Uniaxial HDPE 6 14
Uniaxial PP tape c 1 1
Woven and knitted PET d 2 3
Aramid e 2 4
POM f 1 4
Σ¼ 12 26
aEach product was tested with Soil Types 1, 2 and 3. Five damaged specimens
bCertiﬁcation number is used here to identify the matching PWRC report in the
cHeat-bonded junctions and coated with Vinylon.
dPolypropylene (PP) coating.
eAramid ﬁlament bundles coated with polyethylene.
fPolyoxymethylene ﬁbers coated with ethylene–vinyl acetate polymer (Akagi et2.4. Calculation of RFID
The installation damage reduction factor is computed as
RFID ¼ TultT ID
ð2Þ
where TID is the ultimate tensile strength of specimens trimmed
from exhumed (damaged) samples. In the Japanese methodol-
ogy the reference strength is the ultimate strength T ult;meas
 
based on the average of ﬁve in-isolation constant rate-of-strain
tests carried out on 200-mm-wide specimens at 20% strain/
minute in accordance with the procedures described in PWRC
(2013); hence, Tult ¼ Tult;meas. The minimum average roll value
(MARV) tensile strength value used in North American
practice is not used in Japan. The MARV is the characteristic
tensile strength computed at two standard deviations below the
average (mean) tensile strength from multiple rolls. Since, the
rate of loading is the same for original and exhumed specimens
the inﬂuence of rate of loading on the calculation of installa-
tion factor is removed. The damaged specimen strength is also
determined from the results of ﬁve specimens using the same
test conditions described above; hence, T ID ¼ T ID;meas. The
PWRC test protocol does not provide guidance how to decide
if any test should be discarded based on statistical tests for
outlier results. For example, in North American practice a
minimum of nine tensile tests on damaged specimens is
required and up to 18 tests if the coefﬁcient of variation
(COV) of tensile strength from the original nine specimens is
greater than 5% (WSDOT T925, 2009). The COV of tensile
strengths for exhumed (damaged) specimens exceeded 5% for
about half of sample sets that were tested with the coarsest soil
material as shown later in the paper. The PWRC (2013)
protocol was used in the analyses of data in the current study.
Ideally, the installation damage reduction factor for design
should be determined using project-speciﬁc soil, reinforcement
materials, construction equipment and the same construction
method. However, this is not practical and RFID values areNumber of specimens PWRC report year Certiﬁcation number b
Undamaged Damaged a
70 210 2006 0901
2004b 0413
2000b 1110
5 15 2007a 0214
15 45 2008b 0808
20 60 2002b 0120
2008a 0804
20 60 2004a 0412
130 390
were tested from each exhumed geogrid sample.
reference list.
al., 2004).
Table 2
Summary of installation damage RFID values from current study.
Current study Range of RFID from
b
Data
group
Geosynthetic type Number
of
products
Manufacturer
identiﬁcation a
Number of
undamaged
specimens
Range of undamaged
tensile strength Tult
c (kN/
m)
Number of
damaged
specimens
Number of RFID
values computed
RFID (mean) Computed range of
RFID (all values)
FHWA Elias
et al. (2001) d
Bathurst
et al.
(2011)
Lim and
McCartney
(2013)Soil
Type
1
Soil
Type
2
Soil
Type
3
1 Uniaxial HDPE 1 1 5 55 15 3 1.74 1.24 1.19 1.19–1.74
3
77777775
1.10–1.45 0.99–1.43 1.01–1.45
2 Uniaxial HDPE 3 1 15 62–127 45 9 1.43 1.16 1.12 1.12–1.43
3 Uniaxial HDPE 4 1 20 164–230 60 12 1.26 1.16 1.08 1.08–1.26
4 Uniaxial HDPE 3 2 15 55–140 45 9 1.17 1.14 1.05 1.05–1.17
5 Uniaxial HDPE 1 3 5 80 15 3 1.61 1.34 1.28 1.28–1.61
6 Uniaxial HDPE 2 3 10 118–139 30 6 1.09 1.02 1.00 1.00–1.09
7 Uniaxial PP tape 1 4 5 260 15 3 1.11 1.00 1.01 1.00–1.11 NA NA NA
8 Woven and knitted PET 2 5 10 46–89 30 6 1.11 1.09 1.04 1.04–1.11
#
1.10–2.05 0.95–2.02 1.01–2.09
9 Woven and knitted PET 1 5 5 167 15 3 1.04 1.09 1.04 1.04–1.10
10 Aramid 1 6 5 152 15 3 1.06 1.10 1.08 1.04–1.10 NA NA NA
11 Aramid 3 6 15 39–205 45 9 1.05 1.03 1.03 1.03–1.05 NA NA NA
12 POM 4 7 20 58–94 60 12 1.15 1.04 1.03 1.03–1.15 NA NA NA
Notes: Soil Type 1—D50¼21 mm; Soil Type 2—D50¼11 mm; Soil Type 3—D50¼1 mm. NA¼not available (i.e. products not tested).
a1 Mitsui Sanshi Co. 2 Geosystem Co. 3 Bridgestone Co. 4 Takiron Co. and Asahi-Kasei Co. 5 Toyobo Co. and Daika Co. 6 Maeda Co. and Zeon Co. 7 Kuraray Co. and Taiyokogyo Co.
bSimilar or same HDPE products evaluated as in the current study. PET products are different in these earlier studies from those in the current study. RFID factors calculated using the method described
in the current study although the number of specimens used in each calculation varied between studies.
cTult ¼ Tult;meas ¼average tensile rupture strength of ﬁve test specimens. Test specimen width¼200 mm and tests run at 20% strain/minute.
dCapped at a minimum value of 1.10.
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Fig. 3. Installation damage factor (RFID) versus reference tensile strength (Tult)
for HDPE product line from same manufacturer. Tult is the nominal tensile
strength from tests run at 1% strain/minute.
Fig. 4. Installation damage factor (RFID) versus reference tensile strength (Tult)
for POM geogrid product line from same manufacturer. Tult is the nominal
tensile strength from tests run at 1% strain/minute.
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design time (e.g. values reported in PWRC certiﬁcation
reports). In Japanese practice (PWRC, 2013), the selection of
RFID from any database is left to the design engineer. Bathurst
et al. (2011) reviewed North American practice and noted that
if installation damage data for project-speciﬁc geosynthetics
are not available, then installation damage factors for other
products within the same product line may be used. It is for
this reason that products have been grouped together as much
as possible in this study. Recommendations on how to
interpolate between combinations of reinforcement product
and aggregate types bracketing project-speciﬁc materials are
described in WSDOT T925 (2009). If installation damage
factors from tests on other aggregate types are available,
interpolation of RFID values using the D50 size of the database
soil gradations and project backﬁll material is recommended
(Elias, 2000; WSDOT T925, 2009).
In North American practice, regardless of project-speciﬁc
installation test results or presumptive values found in source
documents, the minimum value of the installation damage
factor is RFID=1.1. There is no restriction on the installation
damage factor for design in Japan (i.e. RFIDZ1 in Eq. (1)).
3. Installation damage test database
Table 1 provides a summary of the PWRC database for
installation damage testing. The evaluated geogrid materials fall
into ﬁve general geosynthetic classiﬁcations based on constituent
polymer type and structure (uniaxial HDPE, uniaxial PP tape,
woven and knitted PET, Aramid and Polyoxymethylene (POM)).
The table shows that a total of 26 products were tested in
combination with the three different soil types described earlier.
Undamaged specimens were matched to damaged specimens from
the same sample. Hence, possible variations in specimen properties
due to different product rolls and/or materials made at different
times were eliminated. It should be noted that individual tensile
tests for virgin and exhumed specimens were not reported in all
product certiﬁcation reports. In these cases the missing data were
provided to the writers by PWRC from their archives. Finally, the
table shows that a total of 130 and 390 tensile tests were performed
on undamaged and damaged geogrid specimens, respectively.
Table 2 summarizes the results of analysis of installation damage
data to compute the installation damage factor RFID. The data
groups are based on geosynthetic type and analysis of variance
(ANOVA) testing of the computed ratios of damaged to unda-
maged strength for each damaged specimen tensile test. Hence,
each data group is comprised of one or more geosynthetic products
in the same product line. Where there is more than one product, the
difference in the means of bias ratios from each combination of
geogrid and soil type are not great enough to exclude the
possibility that the difference is due to random variability at a
level of signiﬁcance of 5%. The calculation of bias values is
explained in the next section.
The following paragraphs discuss and summarize observa-
tions made with respect to the database of installation damage
results for the geogrid products in this study and related
research. For the same HDPE product group and PP tape product group,
there is a trend of increasing installation damage factor with
increasing mean soil particle size. Fig. 3 shows values for RFID
versus Tult for HDPE geogrid products of similar type and
produced by the same manufacturer and tested with Soil Type
1, 2 and 3. The vertical maximum and minimum range bars are
shown for Soil Type 1 data to illustrate that there is a range of
RFID values for each of the eight products in this group. The
range bars for the other two data sets with ﬁner particle sizes are
not shown to avoid clutter. The data show trends of increasing
RFID with decreasing tensile strength and increasing soil particle
size. The range of RFID values and number of data points in this
population (n¼24) make these trends visually detectable. For
the POM geogrids in Fig. 4 (n¼12 data points), there are
similar visual trends but not as pronounced, perhaps due to the
smaller range in RFID values. However, it may be concluded
that soil type (particle size) has greater inﬂuence on installation
damage than the tensile strength for this geogrid type. For
brevity, similar plots for the other geogrid data groups are not
Tab
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Y. Miyata, R.J. Bathurst / Soils and Foundations 55 (2015) 393–403398presented. However, Table 2 shows that particle size is not
always a consistent indicator of relative installation damage for
all geogrid types in the current database. Nevertheless, other
studies have shown that there is a trend of increasing installation
damage with increasing maximum particle size for HDPE
geogrid and woven PET geogrid products when all other factors
are the same (e.g. Lim and McCartney, 2013; Jeon and
Bouazza, 2010). Strength reductions due to installation damage for the other
product types in combination with the coarsest soil (Soil Type 1)
were most often lower than for HDPE data groups with the
same soil. The ranges of computed RFID values in the current study and
from earlier studies by Elias et al. (2001), Bathurst et al. (2011)
and Lim and McCartney (2013) for similar or the same uniaxial
HDPE and woven and knitted PET geogrids are judged to be in
reasonable agreement. However, caution must be exercised
when comparing installation damage factors from differentle 3
mple calculation sheet to compute installation damage reduction factor RFID and bi
product and Soil Type 1 in data group 2).
cimen number Undamaged strength Tult,meas (kN/m) Xult¼Tult,meas/Tult;meas (E
127.6 1.006
126.7 0.998
127.6 1.006
127.4 1.004
125.4 0.988
an 126.9 1.000
ndard deviation 0.937 0.007
V 0.007 0.007
an of undamaged specimen tensile strengths: Tult;meas¼126.9 (kN/m)¼Tult¼predic
an of damaged specimen tensile strengths: T ID;meas¼88.2 (kN/m)
tallation damage factor: RFID¼Tult;meas/T ID;meas¼126.9 / 88.2¼1.44.
dicted (nominal) strength after installation damage: TID¼Tult;meas/RFID¼126.9/1.44
le 4
s values (Xult) from tensile testing of undamaged (virgin) samples.
a group Geosynthetic type Number of specimens Rang
Uniaxial HDPE 5 0.99–
Uniaxial HDPE 15 0.97–
Uniaxial HDPE 20 0.98–
Uniaxial HDPE 15 0.98–
Uniaxial HDPE 5 0.99–
Uniaxial HDPE 10 0.99–
Uniaxial PP tape 5 0.97–
Woven and knitted PET 10 0.98–
Woven and knitted PET 5 0.98–
Aramid 5 0.97–
Aramid 15 0.94–
POM 20 0.98–
Σ¼ 130
te:
Mean of undamaged bias values μXult ¼ 1;
See Miyata and Bathurst (2007)studies. The methodology, construction equipment and soil
embedment type in ﬁeld tests can vary widely between
installation damage test programs. Bathurst et al. (2011) noted
that the generally lower installation damage factors reported in a
large European ﬁeld installation trial by Hufenus et al. (2005)
may have been strongly inﬂuenced by the more broadly graded
aggregates used in that study. As noted earlier, there are
differences in the number of test specimens between studies
to compute installation damage factors depending on the
installation damage test protocol adopted. Furthermore, the
properties of HDPE geogrids with the same designation may
vary between different manufacturing plants and the mechanical
properties of these materials (based on type) have improved
over the years. HDPE data group 6 recorded mean RFID values less than one.
This result has also been noted by Allen and Bathurst (1994)
and Hufenus et al. (2005). Allen and Bathurst (1994) attributed
this observation to increases in (exhumed) specimen strengthas statistics for undamaged (Xult) and damaged specimens (XID) (data from
q. (5)) Damaged strength TID,meas (kN/m) XID¼TID,meas/TID (Eq. (3))
81.3 0.921
103.8 1.176
98.3 1.114
82.2 0.932
75.6 0.857
88.2 1.000
12.1 0.137
0.137 0.137
ted (nominal) undamaged strength.
¼88.2 (kN/m).
e a Xult COVXult Range of tensile strength Tult (kN/m)
10% Strain/min b 1% Strain/min
1.01 0.006 45 38
1.02 0.012 51–105 43–89
1.01 0.008 135–224 115–192
1.02 0.010 52–132 45–108
1.01 0.007 77 69
1.01 0.007 115–135 91–107
1.02 0.023 273 268
1.02 0.012 46–88 44–84
1.02 0.015 165 159
1.04 0.027 151 150
1.05 0.026 39–202 37–196
1.02 0.009 58–114 57–113
Fig. 5. Variability in installation damage strength bias values versus unda-
maged strength bias values for each product in the database.
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induced tensile stresses. Kondo et al. (1992) recorded small
increases in the tensile yield strength of polyethylene (PE)
polymer materials up to 2.5% after two years at room
temperature and then decreasing to original strength after ﬁve
years. Rowe et al. (2009) recorded an initial increase in the yield
strength of HDPE geomembrane specimens after two years and
a similar drop thereafter (specimens tested at elevated tempera-
ture of 85 1C). Specimens from the same geomembrane sample
batches recorded time-coincident increases and then decreases
in polymer crystallinity. Hence, time-dependent morphological
changes of the constituent polymer may dominate measured
exhumed specimen strengths for cases where little or no
installation damage has occurred. Regardless of the competing
mechanisms effecting exhumed specimen strengths (i.e. increas-
ing strength due to time-dependent morphological changes and
decreasing strength due to installation damage) there is inherent
variability in virgin strengths (numerator) and exhumed speci-
men strengths (denominator) which for cases of very small
strength reductions can result in calculated RFID values less
than one.
4. Statistical analysis
4.1. General
The variability of reinforcement strength immediately after
installation can be quantiﬁed by the bias value XID computed
as (Bathurst et al., 2011)
XID ¼
T ID;meas
T ID
ð3Þ
here TID,meas¼measured tensile strength of a damaged speci-
men and TID¼Tult;meas/RFID¼predicted (nominal) strengthTable 5
Bias values (XID) from tensile testing of damaged samples.
Data group Geosynthetic type Number of specimens
1 Uniaxial HDPE 15
2 Uniaxial HDPE 45
3 Uniaxial HDPE 60
4 Uniaxial HDPE 45
5 Uniaxial HDPE 15
6 Uniaxial HDPE 30
7 Uniaxial PP tape 15
8 Woven and knitted PET 30
9 Woven and knitted PET 15
10 Aramid 15
11 Aramid 45
12 POM 60
Σ¼ 390
Note: Mean of damaged bias values μXID ¼1.after reduction for installation damage. The quantity Tult;meas
is the average of tensile strengths (Tult,meas) from multiple
undamaged specimens. RFID is the installation damage reduc-
tion factor computed as
RFID ¼
Tult;meas
T ID;meas
ð4Þ
here the denominator T ID;meas
 
is the mean value of the
tensile strengths of damaged test specimens.
Variability in undamaged tensile strength is quantiﬁed by
the undamaged bias value computed as
Xult ¼
Tult;meas
Tult;meas
ð5Þ
The calculation of bias statistics for tensile strengths for
undamaged and damaged specimens is illustrated in Table 3
using data for one combination of HDPE geogrid and Soil
Type 1 in data group 2.Range XID COVXID
Soil Type 1 Soil Type 2 Soil Type 3
D50¼21 mm D50¼11 mm D50¼1 mm
0.87–1.10 0.095 0.049 0.062
0.84–1.18 0.094 0.040 0.069
0.92–1.09 0.043 0.042 0.023
0.84–1.14 0.080 0.067 0.024
0.88–1.17 0.111 0.051 0.015
0.90–1.07 0.065 0.012 0.017
0.96–1.07 0.033 0.051 0.023
0.99–1.01 0.006 0.006 0.010
0.99–1.01 0.007 0.007 0.007
0.94–1.04 0.017 0.026 0.019
0.92–1.06 0.017 0.034 0.018
0.90–1.10 0.063 0.032 0.026
Fig. 7. CDF plot for POM geogrid installation damage bias values in data
group 12.
Y. Miyata, R.J. Bathurst / Soils and Foundations 55 (2015) 393–403400Summaries of bias statistics for tensile strength before and
after installation damage for different data groups are presented
in Tables 4 and 5, respectively. The bias values in Table 4 are
in agreement with COV values reported from much larger
sample sizes of tensile test results for the same product groups
reported by Miyata et al. (2014). Also shown in Table 4 are the
ranges of reference tensile strengths for the products in each
data group based on tests carried out at 10% and 1% strain.
The values for 10% strain/min provide a useful link between
the products used in this study and similar products reported in
North American studies (e.g. Bathurst et al., 2011) where
tensile strengths are taken from tests run at 10% strain/min
(ASTM D6637, 2001). The conversion of tensile strength
values from tests carried out at 1% strain/min to tests carried
out at higher speeds is explained by Miyata and Bathurst
(2007). Table 4 shows that the tensile strengths are typically
higher for the faster tests which is due to rate-dependent
behavior of most geosynthetic reinforcement products, parti-
cularly those manufactured from HDPE and PP (e.g. Bathurst
and Cai, 1994; Walters et al., 2002; Hirakawa et al., 2003;
Kongkitkul et al., 2004, 2007; Shinoda et al., 2002; Shinoda
and Bathurst, 2004a,b; Ezzein et al., 2014). In current Japanese
practice the reference strength (Tult) to calculate the long-term
allowable strength in Eq. (1) is a “guaranteed ultimate tensile
strength” which is lower than the mean of values from in-
isolation constant rate-of-strain tests carried out at 1% strain/
min. The choice of this reference tensile strength is left to the
producer. In the current investigation, the mean of multiple
tests carried out at 20% strain/min on undamaged and damaged
specimens was used as reported in the source documents.
However, test speed does not inﬂuence the calculation of
installation damage factor.
A mean bias value of one for both data sets is a consequence
of using the average value from each data set. In the related
study by Bathurst et al. (2011), the reference strength was
taken as the MARV of the reference tensile strengths to be
consistent with North American practice. A consequence ofFig. 6. CDF plot for HDPE geogrid installation damage bias values in data
group 3.this approach is that the mean of installation bias values is not
one and varies between data sets. This complication is avoided
in the current study since the reference tensile strength in this
investigation is the true mean value from ﬁve tests and not the
MARV value.4.2. Comparison of undamaged and damaged bias statistics
Fig. 5 shows the values of COVXID computed for each
product in the installation damage database plotted against the
corresponding COVXult . The data show that in most cases the
variability in tensile strength after installation damage for
HDPE, PP and POM products is greater than for the
undamaged samples. Hence, it can be concluded that the
spread in post-installation tensile strength is not due simply to
the inherent variability in the virgin strength of these particular
product types at time of manufacture. The same conclusion can
be made from a comparison of COVXult values in Table 4 andFig. 8. Spread in installation damage bias values COVXID
 
versus calculated
installation damage factor (RFID).
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geogrids in data groups 8 and 9. The explanation for this
counter-intuitive outcome is that the location of break during
tensile testing of virgin specimens was random between and
over the length of the longitudinal members in the 200-mm-
wide specimens. However, for the exhumed specimens the
damage to the geogrid specimens occurred as small cuts that
were located at the edge of the load-carrying longitudinal
members. The result was that while the mean of damaged
tensile strength values was less than the matching undamaged
tensile test values, the spread in tensile strength values was less
COVXIDo COVXult
 
. For the Aramid materials there was no
visual difference in specimen appearance for virgin and
exhumed samples and COVXID and COVXult values are similar.
This suggests that these materials are less affected by damage,
at least under the test conditions used in the ﬁeld installation
damage tests and the protocol in effect at the time of the tests
(PWRC, 2000a, 2013).
It is worth noting that the low COV values for the ultimate
strength of the virgin samples in this study may be expected
for these highly engineered materials. As a point reference, the
COV of bias values for the ultimate rupture strength of SS400
reinforcement steel in Japan is 5% (Tanaka and Sakai, 1979).
The spread in installation damage values COVXID
 
for the
HDPE products summarized in Table 5 is consistently greater
with increasing mean particle size of the embedment soils.
However, the Aramid products samples taken from Soil Type
2 gave the largest spread for this product group. A possible
explanation for this observation is that Soil Type 2 has a
relatively narrow particle size gradation. The COVXID values
for the PET products were consistently 1% or less. Differences
in COV values less than 1% are judged to be difﬁcult to detect
and not of practical concern.
Bathurst et al. (2011) also reported COVXID values from
ﬁeld installation damage tests on 43 different combinations of
HDPE uniaxial geogrid and soil. The spread in installation
damage bias values COVXID was also small in the range 0.04 to
0.06. Pinho-Lopes and de Lurdes Lopes (2013) tested a single
HDPE geogrid in a single soil and reported COVXID in the
range of 0.031 to 0.111. The values from these previous
studies fall largely within the range of 0.015 to 0.095 in
Table 4.
Products matching the PET geogrids in the current study are
not available from the previous cited papers where installation
damage bias values are tabulated. However, PET geogrids
from the large database of results reported by Bathurst et al.
(2011) are in the range of 0.09 to 0.23 and for two different
PET geogrids reported by Pinho-Lopes and de Lurdes Lopes
(2013) are in the range of 0.04 and 0.079. The spread in values
from PET geogrid tests in the current study is 0.006 and 0.010.
These lower values may be due to the smaller number of
products in the current study compared to the study by
Bathurst et al. (2011) and the different product type compared
to that tested by Pinho-Lopes and de Lurdes Lopes (2013).
Again, caution must be exercised in extrapolating results
from different databases for the reasons described earlier.
However, the COV for installation damage bias values in thecurrent study and in previous studies where HDPE geogrid
products were tested are judged to be in reasonable agreement.
Figs. 6 and 7 show example cumulative distribution function
(CDF) plots for bias values taken from two example data
groups in the current study. The plots show the computed bias
values and ﬁtted distributions assuming log normal distribution
of the bias values and computed from the mean μXID
 
and
coefﬁcient of variation COVXID
 
of each data set. These
distributions are a prerequisite for probabilistic analyses and
LRFD calibration of the ultimate tensile rupture limit state as
demonstrated in the companion paper by Bathurst and Miyata
(2015). It can noted that because the COV values for bias
values are small, the ﬁts to data would also appear as straight
lines if linear horizontal axes were used (i.e. the data are
assumed to be normal distributed).
Fig. 8 shows the spread in installation damage bias values
COVXID
 
versus calculated installation damage factor (RFID)
for all data groups. The visual impression is that when all data
are treated as one population there is a trend of increasing
spread in bias values with increasing computed installation
damage factor (RFID). This qualitative trend is conﬁrmed by
the results of the Spearman's rank correlation test which gave a
positive correlation between COVXID and RFID at a level of
signiﬁcant of 5%. The writers have avoided ﬁtting trend lines
to all data or any data group so that design engineers are not
tempted to use the ﬁgure for reliability-based design of
structures that use products and soils not included in the
current database.
5. Conclusions
At the time of this study there has not been a systematic
investigation of installation damage of reinforcement geogrids
used in the Japanese market place. This study ﬁlls that gap.
The paper presents a useful summary of installation damage
factors (RFID) used to calculate the long-term allowable tensile
design strength used in ASD practice in Japan. The data have
been taken from PWRC product certiﬁcation reports that
describe the results of ﬁeld installation tests carried out using
the same standard test protocol. The calculation of installation
damage factors and bias values has been carried out in a
consistent manner by the writers. Comparison with installation
damage test results from other countries shows that RFID
values and data spread are in general agreement. The statistical
analysis of variability in installation damage test results is a
prerequisite for future probabilistic analysis and design for the
ultimate tensile rupture limit state in geogrid reinforced soil
structures and for LRFD calibration of this limit state. An
example can be found in the paper by Bathurst and Miyata
(2015).
The reader is reminded that the installation damage factors
summarized in this study have been based on the PWRC
(2013) installation damage testing protocol. This protocol
speciﬁes three different soil types, a standard lift height of
300 mm, and seven passes by a (9-t) smooth drum vibrating
compactor. Other soil types and gradations, particle shapes, lift
height, number of passes and type of compaction equipment
Y. Miyata, R.J. Bathurst / Soils and Foundations 55 (2015) 393–403402can be expected to inﬂuence the magnitude of installation
damage factors. A systematic study of these effects on RFID
values remains to be done in the context of Japanese
experience and construction practice. However, the summary
data in this paper provide a useful benchmark for future ﬁeld
installation damage test results in Japan and worldwide.
Engineers must exercise judgment when selecting project-
speciﬁc installation damage factors from the database pre-
sented here. If the protocol test conditions and soil types do not
match project-speciﬁc conditions, a reasonable strategy is to
select installation reduction factors for the same type of
reinforcement (data group) but using a soil type that is more
aggressive (i.e. coarser).Acknowledgements
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